Caron AZ, Drouin G, Desrosiers J, Trensz F, Grenier G. A novel hindlimb immobilization procedure for studying skeletal muscle atrophy and recovery in mouse. J Appl Physiol 106: 2049 -2059, 2009. First published April 2, 2009 doi:10.1152 doi:10. /japplphysiol.91505.2008 muscle atrophy is a serious concern for patients afflicted by limb restriction due to surgery (e.g., arthrodesis), several articular pathologies (e.g., arthralgia), or simply following cast immobilization. To study the molecular events involved in this immobilization-induced debilitating condition, a convenient mouse model for atrophy is lacking. Here we provide a new immobilization procedure exploiting the normal flexion of the mouse hindlimb using a surgical staple to fix the ventral part of the foot to the distal part of the calf. Histological analysis revealed that our approach induced significant skeletal muscle atrophy by reducing the myofiber size of the tibialis anterior (TA) muscle by 36% compared with the untreated contralateral TA within a few days postimmobilization. Two molecular markers for atrophy, atrogin-1/muscle atrophy F-box (atrogin-1/MAFbx) and muscle ring finger 1 (MuRF-1) mRNAs, were significantly upregulated by 1.9-and 5.9-fold, respectively. Interestingly, our model also revealed the presence of an early inflammatory process during atrophy, characterized by the mRNA upregulation of TNF-␣, IL-1, and IL-6 (1.9-, 2.4-, and 3.4-fold, respectively) simultaneously with the upregulation of the common leukocyte marker CD45 (6.1-fold). Moreover, muscle rapidly recovered on remobilization, an event associated with significantly increased levels of uncoupling protein-3 and peroxisome proliferator-activated receptor ␥ coactivator-1␣ mRNA, key components of prooxidative muscle metabolism. This model offers unexpected new insights into the molecular events involved in immobilization atrophy.
altered (36) . Tail suspension is an efficient model that is based on the absence of weight bearing, which is necessary for maintaining skeletal mass (38) , which makes it more appropriate for studying microgravity-induced atrophy than traumatic or postsurgical atrophy.
Despite the recognized effectiveness of casts in inducing atrophy, they must be adjusted to each animal for optimal results, which is very time-consuming (12) . For example, a thin layer of padding and a layer of fiberglass must be placed beneath the cast for preventing dermatitis and preventing the animal from chewing through the cast, respectively (12) . Moreover, the mice must be monitored on a daily basis for fecal clearance, chewed plaster, abrasions, venous occlusion, and problems with ambulation (12) , which may require the readjustment and/or reinforcement of the cast. Since cast immobilization is a major experimental challenge, the development of a convenient, easy-to-perform immobilization procedure will significantly facilitate this important area of research.
In disuse-induced skeletal muscle atrophy, elevated muscle protein degradation occurs at least in part due to the activation of the ubiquitin-dependent proteasome pathway. Ubiquinated proteins are selectively targeted for degradation through the 26S proteasome pathway (22) by tissue-specific E3 ligases (2, 14) that catalyze the specific transfer of activated ubiquitin. These musclespecific E3 ligases [muscle ring finger-1 (MuRF1) and atrogin-1/muscle atrophy F-box (atrogin-1/MAFbx)] are universal markers of atrophy (2) .
In addition to disuse atrophy, both MuRF1 and atrogin-1/ MAFbx are upregulated in sepsis (57) and tumor-bearing muscle atrophy (cachexia) (4) . TNF-␣ is a proinflammatory cytokine that was originally called "cachectin" and is often elevated in the serum of patients with cancer (50) . The "cachexic phenotype," which is characterized by muscle wasting, can be reversed using anti-TNF-␣ antibodies (47) . The maintenance of muscle mass is also influenced by other cytokines such as IL-1, IL-6, transforming growth factor-␤ (TGF-␤), leukemia inhibitory factor (LIF), and IFN-␥, which have been implicated in muscle-wasting pathogenesis (50) .
Muscle regeneration is characterized by the activation of normally quiescent satellite cells (SCs) and the differentiation of their daughter cells (15) , a process that is distinguished by the initial activation of Pax7 and members of the myogenic regulatory factor family (MRF) (Myf5, MyoD, and myogenin). When skeletal muscle atrophy is induced through immobilization or denervation, SCs become activated. However, the role of activated SCs is unclear as there is no regeneration during the early phase of atrophy. While a number of studies have reported that the percentage of SCs increases during the initial period following denervation (34, 55) , the impact of immobilization is unclear. Indeed, a recent study has indicated that the activation of SCs following immobilization may be due to the mechanical unloading (10) .
In the present paper, we present a new procedure for studying the adaptive response of skeletal muscle following prolonged limb restriction as is the case following orthopedic surgery and cast immobilization following injury. Our mouse model provides advantages over other rodent-based models that include economy, conventionality, and familiarity with genetic manipulation to facilitate the in vivo study of molecular pathways involved in disuse atrophy. We used histological and molecular approaches to show that this innovative, rapid procedure produced efficient skeletal muscle atrophy. At the onset of atrophy, we observed SC activation concomitantly with the presence of oxidative stress, inflammatory cells, and inflammatory molecules. Hence, immobilization-induced atrophy may potentially act through the classic NF-B pathway activated by inflammatory molecules and oxidative stress. We also showed that immobilized atrophic skeletal muscle has the potential for functional recovery and that this process is linked to the prooxidative metabolic capacity of the recovering muscles. In conclusion, this innovative immobilization procedure will provide new tools for studying mechanisms that cause muscle atrophy. The knowledge gained from such studies will help rationalize the choice of therapeutic approach and, potentially, markedly accelerate the rate of rehabilitation following surgery, thus reducing health care costs.
METHODS
Animals and immobilization procedures. We used 6-and 12-wkold male C57/Bl6 mice (Charles River, Montreal, QC, Canada). Thirty minutes before the surgical procedures, 0.1 mg/kg of buprenorphin (Schering-Plough, Pointe Claire, QC, Canada) was administered intraperitoneally. The mice were then anesthetized using isoflurane (Abbott, Montreal, QC, Canada). Mice were divided into different experimental groups each containing 3-15 animals. In one group, one hindlimb was immobilized by stapling the foot exploiting normal dorsotibial flexion using an Autosuture Royal 35W skin stapler (Tyco Healthcare, Pointe Claire, QC, Canada). One tine was inserted close to the toe at the plantar portion of the foot while the other was inserted in the distal portion of the gastrocnemius. The other hindlimb was used as a control. Depending on the type of experiment, muscles were immobilized for various time points that included 3.5, 7, 14, and 28 days, and 6 and 16 wk, and tibialis anterior (TA) muscle was analyzed unless stated otherwise. In a second group [nerve crush (NC)], a 1-cm incision was made on one buttock. The sciatic nerve was retrieved and crushed using tweezers. The contralateral hindlimbs were used as a control. In a third group, we used mice that had never been immobilized (stapled) for comparison of body weights and muscle weights for extensor digitorum longus (EDL), TA, gastrocnemius, and soleus with mice that were immobilized. In a fourth group, we performed exhaustion experiments with mice that had both of their hindlimbs STimmobilized for 7 days before removal of staples (remobilization). Exhaustion experiments were done after 1, 4, and 11 days of remobilization. The controls were age-matched mice that never had their hindlimbs immobilized. The animal experiments were approved by the Animal Ethics Committee of Université de Sherbrooke and were performed in accordance with Canadian Council on Animal Care guidelines (protocol no. 133-06B).
Histology and immunofluorescence. TA muscles were excised, fixed in formalin, and embedded in paraffin. Sections (5 m) were stained with hematoxylin and eosin (H and E) or Masson trichrome (MT). The H and E-stained sections were used for the cross-sectional area (CSA) analyses. Over 40 myofibers/field from at least five different fields were examined (ϫ20 magnification) using a microscope (TE-2000-S; Nikon, Mississauga, ON, Canada) and were measured using ImageJ software (1) . The MT-stained sections were examined to evaluate fibrosis.
For the immunofluorescence experiments, the TA muscles were immersed in successive baths of PBS containing increasing concentrations of sucrose (5, 15 , and 30%) and were marked at the midpoint using China ink. They were embedded in 30% sucrose (Tissue-Tek OCT, Torrance, CA), frozen in isopentane chilled in liquid nitrogen, and stored at Ϫ80°C until used. Cryosections (5 m) were cut beginning at the midpoint (ink mark) using a cryostat (Leica CM1850, Richmond Hill, ON, Canada). The sections were air-dried, fixed in 100% methanol (10 min at Ϫ20°C) or 2% PFA [10 min at room temperature (RT)] and blocked and permeabilized in PBS-10% goat serum-1% BSA containing 0.2% Triton X-100. The sections were incubated with mouse monoclonal anti-MyoD (1:400) and mouse monoclonal anti-Sca1 (1:200) primary antibodies (BD Bioscience, Mississauga, ON, Canada). They were then incubated with Alexa Fluor 488-conjugated goat anti-mouse IgG (1:1,000) secondary antibody (Invitrogen, Burlington, ON, Canada). Sections that had been incubated only with secondary antibody were used as controls. Cell nuclei were labeled with DAPI reagent (Sigma-Aldrich, Oakville, ON, Canada), and the sections were viewed using an epifluorescence microscope (TE-2000-S; Nikon).
Western blot analysis. Flash-frozen TA muscles were crushed and homogenized in RIPA buffer (0.5% NP-40, 0.1% sodium deoxycholate, 150 mM NaCl, 50 mM Tris ⅐ HCl, pH 7.5) containing a protease inhibitor cocktail, Complete (Roche Molecular Biochemical, Laval, QC, Canada). The homogenate was centrifuged at 14,000 rpm for 10 min at 4°C, and the supernatant was recovered. Protein concentrations in the supernatant were determined using Bradford's method (Bio-Rad). The protein extract (50 g) was separated on a 7.5% polyacrylamide gel and transferred to a PVDF membrane (Millipore, Bedford, MA). Blotted membranes were incubated overnight at 4°C in PBS-T [PBS (3.5 mM NaH2PO4, 17.4 mM Na2HPO4, 3.5 mM KCl, 137 mM NaCl) containing 0.1% Tween-20] with anti-MyoD (1:800; BD Bioscience), anti-Pax7 [1:20; Developmental Studies Hybridoma Bank (DSHB); Iowa City, IA], myogenin (1:20; F5D DSHB), or ␣-sarcomeric actin (1:2,000; Sigma-Aldrich). Immune complexes were washed twice with PBS-T before being incubated for 1 h at RT with appropriated peroxidase-conjugated secondary antibodies. After extensive washes with PBS-T, the immunostained bands were revealed with ECL Plus according to the manufacturer's instruction on a BioMax ML film. The membranes were scanned and the bands were quantified by densitometric determination using ImageJ software (NIH, Bethesda, MD).
Quantitative PCR. Total RNA was extracted from flash-frozen crushed TA muscles using TRIzol (Invitrogen, Burlington, ON, Canada). RNA (1 g) was reverse-transcribed using Reverse Transcriptase Superscript II (Invitrogen). The quantitative PCR (qPCR) assays were performed using 25 ng of template cDNA. The conditions for all the reactions were as follows: an initial 5-min denaturation step at 95°C, followed by forty 40-s cycles at 95°C, 56°C, and 72°C. The qPCR assays were performed using a Rotor-Gene 6000 (Corbett Robotics) and iQSYBR Green Supermix (Bio-Rad, Mississauga, ON, Canada). Results were calculated using the 2
Ϫ⌬⌬Ct relative quantification method normalized to ␤-actin. The primer sets used are shown in Table 1 .
Muscle injury. After mice were anesthetized using isoflurane, muscle injury was induced with 25 l of 10 M cardiotoxin (CTX; Latoxan, Valence, France) injected into the TA as previously de-scribed (15) . Three and a half days postinjury, TA were harvested and frozen in liquid nitrogen for further analysis.
Measurement of glutathione reductase activity. The TA muscles from 3.5-day (n ϭ 5), 7-day (n ϭ 3), and 14-day (n ϭ 4) ST mice and CTX-treated (n ϭ 4) TA muscles were pulverized in liquid nitrogen, and the powder was suspended in a 0.1 M phosphate buffer (pH 7.6). The protein concentrations of the samples were measured using Bradford reagent (Bio-Rad). The analysis of the sample for glutathione reductase (GR) activity was based on oxidized glutathione produced on reduction of organic peroxide by glutathione peroxidase, which is recycled to its reduced state by the enzyme GR and was measured as described previously (6) . Briefly, 100 g of protein extract was added to a reaction mixture composed of 0.1 M sodium phosphate buffer (pH 7.6), 0.5 mM EDTA, 1 mM oxidized glutathione, and 0.1 mM NADPH. GR activity was quantified at 25°C by measuring the oxidation of NADPH at 340 nm and is reported as micromoles of NADPH oxidized per minute per milligram protein using a molar extinction coefficient of 6.22 ϫ 10 3 /M ⅐ cm (6). Exhaustion experiment. The experimental group was composed of mice that had both of their hindlimbs ST-immobilized for 7 days before removal of staples and use in the exhaustion experiment. The controls were age-matched mice that never had their hindlimbs immobilized. Time to exhaustion experiments were performed using a two-lane motorized treadmill equipped with shocker plates (Panlab/ Harvard Apparatus, Barcelona, Spain). The treadmill was run at an inclination of ϩ25°at 8 m/min for 5 min, after which the speed was increased to 10 m/min for 2 min and then 20 m/min. The test was stopped when the mouse remained on the shocker plate for more than 15 s without attempting to reengage the treadmill. The time to exhaustion was determined from the beginning of the test. Exhaustion experiments were performed 1 day (n ϭ 4), 4 days (n ϭ 4), and 11 days (n ϭ 4) after removing the staples.
Statistics. All data are expressed as means Ϯ SE. Paired t-tests were used to assess statistical significance between treated muscle and their untreated contralateral muscle. Unpaired t-tests were used to compare two groups of mice or two different time points. P Ͻ 0.05 was considered to be statistically significant. Statistical values were obtained using GraphPad Prism 5.0 software.
RESULTS

An innovative immobilization procedure to induce skeletal muscle atrophy.
The new ST immobilization procedure exploited the normal flexion of the mouse hindlimb using a surgical staple to fix the ventral part of the foot to the distal part of the calf (Fig. 1A) . Importantly, after the ST procedure the mice immediately began walking on their heel and displayed no discomfort (see video sequence in Supplementary Data Appendix, available with the online version of this article). Moreover, ST immobilization of hindlimbs did not result in edema or necrosis. A macroscopic view shows that atrophy of an ST-immobilized TA muscle (Fig. 1B, right) occurred within seven days compared with the contralateral TA muscle (Fig.  1B , left). It should also be noted that the TA muscle was physically unaffected by the procedure, with no compression of the dorsal portion of the foot. We compared ST immobilization to the well-characterized denervation or NC procedure by assessing muscle mass wasting in 6-wk-old mice (Fig. 1C) . Within the first few days, we observed a rapid loss of muscle wet mass in both the ST and NC TA muscles. Maximum muscle wet weight loss occurred within 2 wk in the NC and 4 wk in the ST TA muscles. The wet weight was ϳ65% for the NC procedure and 70% for the ST procedure. At 16 wk of immobilization, the weight of the NC TA muscles had returned to that of the contralateral TA muscle due to reinnervation while the ST TA muscles had not completely recovered their mass.
Comparison between the total body weights of ST-immobilized mice with age-matched control mice that had never been stapled (not stapled) showed no significant difference after 7 days of immobilization. However, a slight but significant diminution was observed in mice stapled for 14 days that is in line with other published procedures that cause atrophy (9) (Fig. 1D) .
Our results also indicated that the atrophy was not influenced by an impairment of muscle growth in 6-wk-old mice (Fig. 1C ) by studying and comparing the effect of ST on adult 12-wk-old mice ( Table 2 ) that are considered as fully mature. At 7 days post-ST immobilization, 6-and 12-wk-old mice show similar reduction of TA muscle mass (13.7 Ϯ 3.6% and 16.4 Ϯ 6.2%, respectively). At 14 days postimmobilization the reduction was comparable, with 34.0 Ϯ 12% and 20.0 Ϯ 4.9% for 6-and 12-wk-old mice, respectively.
We also determined if atrophy affected other muscles of the stapled hindlimb by assessing the weights of EDL, soleus, and gastrocnemius muscles of aged-matched 12-wk-old mice (Table 2). At 7 days, only EDL had a reduced mass compared with the contralateral control EDL. At 14 days, muscle mass was reduced in both EDL and gastrocnemius of the ST hindlimb. The mass of soleus remained equivalent to the contralateral hindlimb at 7 and 14 days of ST immobilization. These results suggest that as for the TA muscle, hindlimb ST immobilization was sufficient to induce atrophy in EDL and gastrocnemius but not soleus muscles.
We also assessed if the contralateral hindlimb muscles underwent an anabolic stimulus due to overload. This was tested by comparing the weight of muscles from age-matched control mice 
Quantitative PCR conditions for all reactions included an initial 5-min denaturation step at 95°C, followed by forty 40-s cycles at 95°C, 56°C, and 72°C. MuRF-1, muscle ring finger 1; atrogin-1/MAFbx, atrogin-1/muscle atrophy F-box; UCP-3, uncoupling protein 3; PGC-1␣, peroxisome proliferator-activated ␥ coactivator-1␣. that had never been immobilized (not stapled) to the contralateral hindlimb muscles of stapled mice (Table 2) . Results show that muscle mass of contralateral TA of mice stapled for 7 days was actually lower than TA from control but not at 14 days. We also assessed the weight of EDL, soleus, and gastrocnemius muscles in the contralateral hindlimb to determine if there was an anabolic stimulus (Table 2 ). At 7 days postimmobilization, no differences were observed in their weights compared with control mice that had never been immobilized (not stapled), but at 14 days, we observed that muscle mass of EDL and gastrocnemius was lower. Hence, these data suggest the absence of muscle hypertrophy in contralateral limbs due to an overload stimulus.
Together these results indicated that the innovative, costeffective and expeditious ST procedure caused muscle wasting, with little impact on the welfare of the mice as they were able to walk on their heel and displayed no signs of discomfort.
ST-induced atrophy is characterized by the up-regulation of muscle-specific ubiquitin ligase. To better characterize muscle mass wasting in ST and to compare it with the NC atrophyinducing procedure, we first performed histological analyses on the affected TA muscles. H and E staining of CSA of the ST Fig. 1 . An innovative immobilization procedure to induce skeletal muscle atrophy. A: for the immobilization procedure, the left foot was fixed in a dorsotibial flexion position with a surgical staple. One tine was fixed under the foot, and the other in the gastrocnemius muscle. The staple was not in direct contact with the tibialis anterior (TA) muscle. B: surgically removed TA muscles from contralateral (left) and stapled (ST; right) hindlimbs at day 7 postimmobilization. C: relative wet weight of ST and nerve crush (NC) TA muscles over time compared with their respective contralateral hindlimb. A rapid loss of muscle mass was observed for both the ST and NC TA muscles within the first few days. Data are presented as means Ϯ SE. ST procedure was assessed at 3.5 days (n ϭ 9), and 1 (n ϭ 6), 2 (n ϭ 15), 4 (n ϭ 2), 6 (n ϭ 6), and 16 (n ϭ 15) wk. NC procedure was assessed at 3.5 days (n ϭ 7), and 1 (n ϭ 7), 2 (n ϭ 13), 4 (n ϭ 6), 6 (n ϭ 6), and 16 (n ϭ 4) wk. D: body mass before (0 day) (n ϭ 6) and after immobilization for 7 (n ϭ 6) and 14 days (n ϭ 6) are compared with their age-matched control mice (not stapled) at 0 (n ϭ 3), 7 (n ϭ 3) and 14 days (n ϭ 3). and NC TA muscles revealed that they both had smaller myofibers than the contralateral TA muscles (Fig. 2A) . We also observed an accumulation of nuclei around the myofibers in the ST TA muscles, suggesting the presence of inflammatory cells and/or the proliferation of SCs (Fig. 2A) . The decrease in myofiber size was time dependent for both procedures, with the CSA shrinking within the first few days postimmobilization. The ST and NC procedures reduced the fiber size to 36% and 41%, respectively, of the control TA muscles. While the size of the NC myofibers had returned to normal after 6 wk due to reinnervation, the size of the ST myofibers remained unchanged because the mobility of the leg was always constrained by the staple (Fig. 2B) .
Muscle mass loss resulted from accelerated protein degradation that may occur through the ubiquitin proteasome pathway. qPCR analysis of ST and NC TA muscles showed that the expression of two genes involved in muscle-specific ubiquitination, that is, MuRF1 and atrogin-1/MAFbx, had increased (Fig. 2C) . After the ST procedure, the expression of MuRF1 and atrogin-1/MAFbx mRNA increased 1.9-and 5.9-fold, respectively, 3.5 days postimmobilization. These results suggested that the muscle-specific ubiquitin proteasome pathway might be implicated in the early stage of atrophy in both ST and NC procedures.
ST procedure induces activation of SCs. A hallmark of skeletal muscle regeneration is the induction of SC activation. We observed SC activity in ST TA muscles by immunostaining MyoD-positive cells but found barely detectable levels in control TA muscles (Fig. 3A) . qPCR analysis of the ST TA muscles revealed a rapid and significant 1.7-fold upregulation of MyoD mRNA within the first 3.5 days and remained significantly higher than control levels at day 14 (Fig. 3B) . The levels of Pax7 and myogenin, two transcription factors involved in the proliferation and differentiation of myoblasts, respectively, were evaluated by immunoblotting. Both Pax7 and myogenin protein levels were significantly upregulated in the ST TA muscles (4.7-and 8.9-fold, respectively) after 7 days and returned to control levels after 14 days (Fig. 3C) . These results suggested that the ST immobilization procedure triggered the transient activation, proliferation, and differentiation of SCs.
ST immobilization induces a rapid onset of inflammation. GR activity provides a measurement of oxidative stress within muscle tissue (25) . Our results showed that GR activity had increased significantly (1.29 Ϯ 0.17-fold) by day 3.5 in ST TA muscles, with no significant differences observed after 7 and 14 days (Fig. 4A) . CTX-treated muscle was used as a positive control since it provokes severe oxidative stress leading to massive cell death.
Since oxidative stress can induce inflammation, we assessed the levels of Sca-1, a cell surface marker present on inflammatory and mesenchymal cells, in TA muscle cross sections by immunostaining. We observed increased numbers of Sca-1-positive cells in ST TA muscles compared with control TA Fig. 2 . Surgically stapled immobilization induces rapid muscle atrophy. A: hematoxylin and eosin (H and E) staining of cross sections of ST and NC TA muscles and their respective controls at day 7 postimmobilization or postdenervation. Note the significant reduction in myofiber diameter in the ST and NC TA muscles compared with the controls. In addition to the reduction in size, there was an accumulation of nuclei around the fibers, suggesting the presence of inflammatory cells and/or the proliferation of satellite cells (SCs). B: relative myofiber cross-sectional area (CSA) as a function of time after the ST and NC procedures. Over 40 myofibers/field from 5 different fields were analyzed. The CSAs of ST and NC TA myofibers decreased markedly within the first few days (P Ͻ 0.05). C: quantitative PCR (qPCR) analyses of muscle ring finger 1 (MuRF-1) and atrogin-1/muscle atrophy F-box (atrogin-1/ MAFbx) in ST and NC TA muscles at 3.5, 7, and 14 days. Data are presented as means Ϯ SE. ST procedure assessed at 3.5 (n ϭ 3), 7 (n ϭ 3), and 14 (n ϭ 3) days. NC procedure assessed at 3.5 (n ϭ 4), 7 (n ϭ 4), and 14 (n ϭ 4) days. There was a clear increase in the expression of these markers in the first few days, followed by a return to normal levels after 14 days. *P Ͻ 0.05, **P Ͻ 0.005, ***P Ͻ 0.001. muscles (Fig. 4B) . Additionally, a qPCR analysis of CD45, a common inflammatory leukocyte marker, revealed a significant upregulation (6.1-fold) in ST TA muscles compared with the untreated contralateral TA muscles at day 7 (Fig. 4C) . These results suggested that oxidative stress and inflammation occurred in the first few days following ST immobilization.
Some groups have reported that inflammatory pathways, such as the NF-B pathway, are sensitive to oxidative stress. NF-B plays a key role in the transcription of inflammatory target genes, such as TNF-␣, IL-1, and IL-6, involved in the pathogenesis of muscle wasting (18, 30, 37, 45, 46) . A qPCR analysis of ST TA muscles revealed a rapid and significant 1.9-, 2.4-, and 3.4-fold upregulation of TNF-␣, IL-1, and IL-6, respectively, within the first 3.5 days compared with the control TA muscles (Fig. 4D) . TNF-␣ and IL-1 levels remained significantly higher on day 7 following ST immobilization. These results showed that ST immobilization was characterized by the presence of an early inflammatory process.
Remobilization of ST muscle displays functional recovery. Recovery of skeletal muscles during remobilization (staple removal) was explored. Figure 5A shows a macroscopic view of an ST TA muscle 6 wk postimmobilization (left) and 24 h after staple removal (right). There are no indications of necrosis on the plantar region of the foot, dermatitis at the surface of the limb, or infection at the staple insertion site. Moreover, once the staple was removed, the mice could walk and run freely with no sign of discomfort. However, the dorsotibial angle was smaller in the ST hindlimbs than in the contralateral hindlimbs. This was not due to an articulation deficit since it was possible to move the foot of euthanized mice. Three and a half days after remobilization, the angle was ϳ45% less than that of the natural contralateral hindlimb (Fig. 5B) . After seven days, there was a significant increase in the angle that ranged from 64°to 84°. These differences remained constant 4 wk postremobilization. The loss of normal dorsiflexion of the foot indicated stiffness of the treated muscles that could be due to fibrosis. An assessment with MT stain revealed collagen accumulation between the ST TA myofibers of the ST mice (Fig.  5C ). These results suggested that fibrosis may cause muscle stiffness that impedes the return of a shortened muscle to its normal length.
Additionally, ST TA muscle mass remained slightly lower than that of the control TA muscle up to 4 wk postremobilization (Fig. 5D) . However, histological examinations of muscle sections revealed that there was a significant increase in ST TA myofiber CSAs ranging from 41.2% to 106.4%, 4 wk postremobilization, indicating a full recovery (Fig. 5E ). Taken together, these results suggested that, following complete recovery of the ST TA muscles, the wet muscle mass remained lower but the CSA of the fibers had returned to normal.
To further evaluate ST TA muscle functional recovery, time-to-exhaustion experiments were performed 1, 4, and 11 days postremobilization using a treadmill (Fig. 5F ). Remobilized mice, 1 day post-staple removal from two hindlimbs that had previously been immobilized for 7 days, reached exhaustion significantly faster compared with age-matched controls that had never been immobilized (P Ͻ 0.0001). However, at 4 days after the staples were removed, the remobilized mice had almost reached the same endurance levels as the control mice, with complete functional recovery at 11 days of remobilization.
To gain more insight into the mechanisms leading to the rapid improvement in the ST mice after remobilization, we measured the expression of uncoupling protein 3 (UCP-3) and peroxisome proliferator-activated receptor ␥ coactivator-1␣ (PGC-1␣), markers of prooxidative metabolism in muscle fibers (31, 54) , by qPCR (Fig. 5G) . Our results indicated that there was a significant downregulation of both UCP-3 and PGC-1␣ mRNA levels at 7 days following ST immobilization compared with the control muscles (P Ͻ 0.0001). However, both UCP-3 and PGC-1␣ mRNA levels returned to control levels 14 days following remobilization (after being stapled for 7 days), which is in agreement with our results showing time to exhaustion recoveries of ST mice. This suggested that skeletal muscle recovery following immobilization is linked to muscle metabolism, where upregulation of prooxidative muscle fibers favors endurance and recovery.
DISCUSSION
Skeletal muscle immobilization atrophy caused by injury or surgery is a major challenge for patient rehabilitation. The development of appropriate models that promote skeletal muscle atrophy will thus provide information on specific factors leading to this debilitating state as well as potential therapeutic intervention for improved recovery and rehabilitation. While muscle atrophy can be experimentally induced through sciatic nerve injury or cast immobilization, there have been no easy, efficient, cost-effective, reproducible animal models of immobilization that mimic skeletal muscle atrophy related to a postsurgical context before the present report.
Our new procedure overcomes several limitations of the commonly used cast immobilization procedure. Because of its great simplicity, the surgically stapled (ST) procedure requires only a few seconds to perform, making the possibility of carrying out high-throughput analyses at a high rate of reproducibility. Another important feature of this approach is the immediate adaptation of the mice to the insult. Since they were not physically constrained, they did not require constant monitoring. The ability of the mice to walk on their heel better reflects the real-life circumstances of patients, whose constrained limbs are not completely immobilized. Furthermore, limb remobilization by simply removing the staple is a powerful approach for studying the recovery/rehabilitation of remobilized muscles.
Our data showed that the ST procedure was as effective as other methods for inducing muscle wasting. We showed that the ST and NC procedure lead to the same rate of atrophy Fig. 4 . Immobilization induced rapid onset of inflammation. A: activity of glutathione reductase (GR), a marker of oxidative stress, represented by the amount of oxidized NADPH in ST 3.5 (n ϭ 5), 7 (n ϭ 3), and 14 (n ϭ 4) days, and 3.5 days post-cardiotoxin (CTX)-treated (n ϭ 4) TA muscles compared with their control contralateral muscles. B: TA muscle cross sections of control and ST TA muscles of 6-wk-old mice immunolabeled for Sca-1 and counterstained with DAPI. The immunolabeling revealed the presence of increased numbers of Sca-1-positive cells in the ST TA muscles. qPCR analysis of CD45, a common leukocyte antigen (C) and TNF-␣, IL-1, and IL-6, molecular markers of inflammation (D), at different days following immobilization. The inflammatory processes occurred during the first week following ST immobilization. Data are presented as means Ϯ SE: 3.5 day (n ϭ 3), 7 day (n ϭ 3), and 14 days (n ϭ 3). *P Ͻ 0.05, **P Ͻ 0.005, ***P Ͻ 0.001. (Figs. 1C and 2, A and B) . It is well documented that muscle atrophy rates by other disuse procedures and denervation are comparable during the first week after induction, (2, 51, 52) . However, contrary to NC in which muscle recovery is ongoing due to reinnervation, ST muscle remained smaller as a result of the staple that continued to constrain the hindlimb.
Previous studies have suggested that the contralateral nonimmobilized limb might hypertrophy somewhat to compensate for the immobilized limb by working harder and becoming larger (35) . In the present study, there was no such overload leading to contralateral muscle hypertrophy. Instead of a hypertrophy, we observed a significant decrease in the TA muscle TA myofiber CSAs at day 0 (n ϭ 6) and 4 wk (n ϭ 6) postremobilization. The CSA of the TA myofibers had increased significantly 4 wk postremobilization compared with the control TA myofibers (*P Ͻ 0.05). F: treadmill running time to exhaustion for age-matched control (nonstapled) mice (n ϭ 4) and mice previously stapled (2 hindlimbs) for 7 days followed by 1 (n ϭ 4), 4 (n ϭ 4), and 11 days (n ϭ 4) of remobilization. Exhaustion time was reached significantly faster by the ST mice after 1 day of remobilization (***P Ͻ 0.0001). However, there was no significant difference between ST and control mice at day 11 postremobilization. G: qPCR analysis of uncoupling protein 3 (UCP-3) and peroxisome proliferator-activated receptor ␥ coactivator-1␣ (PGC-1␣) mRNA expression for ST and contralateral TA muscles at 7 days of immobilization followed by day 0 and 14 days postremobilization (staple removal). There was a significant reduction in UCP-3 and PGC-1␣ expression at day 0 (***P Ͻ 0.0001), with both UCP-3 and PGC-1␣ expression rising to their respective contralateral levels after 14 days of remobilization. Data are presented as means Ϯ SE at 0 (n ϭ 3) and 14 (n ϭ 4) days. weight 7 days after stapling compared with values obtained from control mice that had never been stapled (not stapled) ( Table 2 ). No such effect was seen in the TA muscle 14 days after stapling. The loss of TA muscle mass is not a consequence of a loss in body mass because no changes were observed after 7 days of immobilization (Fig. 1D) .
Skeletal muscle atrophy is characterized by a reduction in skeletal muscle mass and myofiber diameter, two features that were readily evident with the ST approach. At the molecular level, the decrease in protein synthesis and the increase in protein degradation rates account for the majority of the rapid loss of muscle protein due to disuse (21) . We used qPCR analyses to show that atrogin-1/MAFbx and MuRF1, two muscle-specific ubiquitin ligases involved in protein degradation, were upregulated in the ST mice (Fig. 2C) . This is in agreement with previous reported results indicating that both MuRF1 and atrogin-1/MAFbx are upregulated in atrophy induced by hindlimb suspension, denervation, and cast immobilization (2, 14) .
SCs are normally quiescent in resting adult muscle but can reenter the cell cycle when exposed to appropriate stimuli. Our data indicated that myogenic factors myogenin and MyoD were rapidly upregulated in ST TA muscles, suggesting that the myogenic program is activated in the early stages of disuse (Fig. 3B) . These findings are similar to those of previous reports showing that SCs enter the cell cycle following atrophy caused by denervation and immobilization (10, 34, 40, 44) . Despite SC activation, we observed no increase in the levels of centrally located myonuclei, which is a hallmark of muscle regeneration ( Fig. 2A) . The behavior of SC in ST TA muscles may simply be a manifestation of incomplete and/or reduced levels of regeneration compared with other models of repair, such as muscle crush (27) or toxin injection (e.g., CTX) (8, 13) , in which robust SC activation and centrally located nuclei are observed. The exact role of SC activation and proliferation during disuse is poorly understood and remains to be elucidated.
While we did not observe a significant increase in centrally located myonuclei in ST TA myofibers, our results clearly indicated that there was an accumulation of nuclei around the myofibers ( Fig. 2A) , which may indicate inflammatory cells infiltrate the stromal space during atrophy (32, 33) . The significant rise in the levels of Sca-1-positive cell population suggested that there was an increase in the density of mesenchymal and inflammatory cells in the myofibers (Fig. 4B) . The presence of inflammatory cells was also confirmed by the increase in the expression of CD45, the common leukocyte common antigen (Fig. 4C) .
The increase in the density of inflammatory cells is associated with the production of several cytokines. For example, the levels of TNF-␣, a potent activator of the canonical NF-B heterodimer (16, 29, 50) , increase in conditions associated with muscle weakness, including sepsis, cancer, and aging (11, 37, 39) . The present study shows that the expression of TNF-␣ mRNA increases following immobilization (Fig. 4D) . A review of the literature revealed conflicting results regarding the involvement of TNF-␣ and inflammatory molecules during muscle disuse (20) . Some evidence has suggested that disuse muscle atrophy induced by unloading is associated with the activation of an alternative NF-B pathway that is distinct from the pathway seen with cachexia, where TNF-␣ is responsible for muscle atrophy (19, 20) . However, a recent study reported that the levels of TNF-␣ increased markedly following hindlimb suspension (17) . The discrepancy concerning the involvement of TNF-␣ in muscle atrophy may be due to its early transient expression and the crossover between the classic and nonclassic NF-B pathways. Interestingly, we observed a major upregulation of the genes for IL-1 and IL-6 (Fig. 4D) , which are targets of the classic NF-B pathway (18, 30, 46) .
We also observed a significant increase in GR activity by as much as 1.29-fold higher in ST TA muscles, which is an indication of oxidative stress (Fig. 4A) . This is consistent with a similar GR increase in atrophied muscle following 4 days of ankle joint immobilization (25) , and the presence of reactive oxygen species (ROS) and other free radicals produced during skeletal muscle disuse (25, 26, 28) . Accumulating evidence indicates that ROS, the hallmark of oxidative stress, enhance the signal transduction pathway, which in turn promotes both the activation of NF-B in the cytoplasm and its translocation to the nucleus (42, 43) . These results suggest that muscle atrophy in our model of immobilization involves TNF-␣, ROS, and other inflammatory molecules and might lead to the activation of the classic NF-B pathway. This contrasts with the activation of the non-classic NF-B pathway observed in other muscle-disuse models (20) .
We also investigated the functional properties of ST TA muscles and observed that the dorsotibial angle of the stapled hindlimb was clearly smaller than that of the contralateral hindlimb but increased over time (Fig. 5, A and B) . This may be caused by the shortening of the muscle space into a concentric position. It may also be caused by the deposition of large amounts of collagen between the myofibers following weeks of immobilization as observed in extra-articular ankylosis (Fig. 5C ). Thus muscle stiffness may correspond to intramuscular collagen biosynthesis that has been reported previously (24, 56) . As the articulation of the joint was not impeded, there is the possibility that the tendons were affected, which may also relate to the extra-articular ankylosis.
To correlate the morphological data with the functional properties of ST TA muscles, we evaluated the time to exhaustion treadmill performance of mice. Our results demonstrated that, in the initial period following remobilization, the endurance of the ST mice was greatly reduced, as indicated by the quicker time to exhaustion compared with the control mice. However, the resistance to fatigue of the ST mice reached the same as that of control mice 14 days postremobilization (Fig.  5F ). The fact that the mice were markedly more fatigable in the early days following immobilization may be due to the downregulation of muscle prooxidative machinery. We found that increased muscle recovery and treadmill performance was associated with a significant upregulation of UCP-3 and PGC-1␣ mRNA, which reached control levels after 14 days (Fig. 5G ). UCP-3 plays an important role in the ␤-oxidation of fatty acids, which is characteristic of more oxidative, less fatigable myofiber types. The downregulation of UCP-3 and PGC-1␣ mRNA is also associated with a prooxidative-toglycolytic (more fatigable) fiber type switch during disuse atrophy (7, 31, 48, 54) . Our surprising observations suggest that an incomplete remodeled muscle, which is shortened and somewhat fibrotic, can reacquire its entire functional performance by increasing its prooxidative metabolic capacity. Hence, these results indicate that the prooxidative capacity of mouse muscle that is restored during remobilization potentially provides a measure of endurance and recovery.
A major impact of immobilization following orthopedic surgery is rapid skeletal muscle atrophy. The development of strategies to prevent atrophy requires a better understanding of the molecular pathways involved and, as such, an appropriate immobilization model. We developed a simple, cost-effective, and rapid procedure to induce skeletal muscle atrophy using a surgical staple to fix the ventral part of the foot to the distal part of the calf. This innovative model shed light on the potential mechanisms involved in skeletal muscle atrophy and recovery. Our findings will help rationalize the choice of therapeutic approaches, which will markedly accelerate the rate of rehabilitation following cast immobilization due to injury or orthopedic surgery, thereby reducing health care costs.
